NEW & NOTEWORTHY Intermittent hypoxia (IH) induces cardiovascular consequences in obstructive sleep apnea (OSA) patients. However, the vast array of frequencies and severities of IH previously employed in OSA-related experimental studies has led to controversial results on the effects of IH. By employing an optimized IH experimental system here, we provide evidence that the frequency and magnitude of IH markedly alter human aortic endothelial wound healing, emerging as key factors determining how cells respond in OSA. sleep apnea; repair; endothelium; hypoxia/reoxygenation OBSTRUCTIVE SLEEP APNEA (OSA) is a very prevalent respiratory disorder (48) with potentially adverse neurocognitive, metabolic, neoplastic and cardiovascular consequences (68) . Intermittent hypoxia (IH), which is elicited by the recurrent collapse and reopening of the upper airway in OSA patients, is one of the major noxious challenges in this nocturnal respiratory disorder and has been associated with many of the morbidities of OSA (62) . However, IH has also been proposed as a potentially protective factor via induction and facilitation of preconditioning in both cells and organs (4, 34) . In fact, there is an ongoing robust controversy on the specific effects of IH at the cardiovascular level. Whereas, IH predisposes to atherosclerosis (16, 23, 58, 59) by inducing the release of reactive oxygen species and inflammatory mediators, which impair the vascular endothelial function (17, 22, 32) , IH may also exert cardioprotective effect and serve in therapeutic roles via the activation of adaptive responses focused on eliciting preconditioning (8, 44, 71) . As such, the a priori contradictory conclusions reported on the cardiovascular outcomes of OSA patients in response to continuous positive airway pressure therapy (or CPAP) therapy (29, 41) may be explained by the polymorphic nature of IH, a topic that has raised considerable attention and debate in the last several years (4, 14, 15, 34, 45, 62) . Although it has been consistently suggested that the magnitude and frequency of cyclic hypoxia play a key role in the protective or detrimental effects of IH on the cardiovascular system (34, 45) , the precise boundaries of IH characteristics that tip the balance to one side or the other are unknown.
Cell culture is a valuable experimental approach to investigate the potential effects of IH because, contrary to animal models, it allows cells to be selectively and precisely subjected to the IH paradigm of choice. However, investigating how IH mimicking OSA modulates cell behavior has been so far hampered by the lack of a suitable experimental system capable of applying well-controlled IH patterns to cells in vitro (1, 7, 36) . Very recently, the methodological difficulty for studying the effects of IH in cells has been resolved by culturing them on a thin gas-permeable membrane, allowing fast oxygen diffusion from the compartment beneath the membrane to the cells (11, 43, 49) . This experimental approach allows the application of precisely controlled IH patterns to cells, both in terms of amplitude and frequency. Given the interest in studying the effects of well-controlled IH mimicking OSA on cells and the availability of a suitable experimental setting, the aim of this study was to test the hypothesis that both the frequency of the oxygen partial pressure changes and the maximum and minimum oxygen values reached in each cycle, play a substantial role in the characteristics of the cell response. More specifically, we assessed this hypothesis using a classic experimental assay of wound closure (5), which models endothelial repair (10, 13) , and studied how endothelial cell monolayer repair after injury is affected by two realistic rates of IH corresponding to mild and severe OSA (6 and 60 apneas/h, respectively) (38, 42, 55) . For each frequency, we also investigated the effect of two oxygen partial pressure high-low ranges of interest: 20%-1% O 2 swings, which are prototypically used in IH-based cell research (18, 35, 39) and 13%-4% O 2 swings, which correspond to more realistic oxygen tension values experienced by aortic endothelial cells in OSA patients. Indeed, under normal ventilation and gas exchange conditions in the absence of apneic events, the oxygen partial pressure in arterial blood (Pa O 2 ) is~100 mmHg (i.e., 13% O 2 ). Assuming that arterial oxygen saturation (Sa O 2 ) can achieve a nadir of 60% in severe OSA events, the corresponding Pa O 2 would bẽ 30 mmHg, which corresponds to 4% O 2 (61) .
METHODS
Cell culture. Human primary aortic endothelial cells (HAEC) obtained from the American Type Culture Collection (ATCC; Manassas, VA) were routinely grown in vascular cell basal medium supplemented with endothelial cell growth kit-VEGF (ATCC) and an antibiotic/antimycotic solution at final concentrations of 10 U/ml penicillin, 10 g/ml streptomycin, and 25 g/ml amphotericin B (Sigma-Aldrich, St. Louis, MO). Before experimentation, cell cultures were maintained in T-25 tissue culture flasks in a standard humidified incubator at 20% O 2, 5% CO2, and 37°C. Cultures from passages 4 and 5 showing a confluence of 75% were employed to carry on the experiments using the in vitro system described below.
Experimental setting for in vitro application of IH. A custom-made experimental setting consisting in a polydimethylsiloxane (PDMS) system adapted from a previous design (11) was employed for in vitro cell exposure to constant or variable oxygen concentrations (IH). The designed device is based on PDMS wells of 20-mm diameter with a 90-m thick gas-permeable PDMS membrane (Fig. 1A) . The bottom part of the well is connected to a gas source (Gas Blender 100 series, MCQ Instruments, Rome, Italy), allowing the circulation of a constant mixture of gases or cyclic changes in gas composition to cells cultured on top of the membrane by direct diffusion through the thin membrane. The PDMS wells were fabricated from negative polylactic acid (RS Components, Madrid, Spain) molds designed with Autodesk 123D Design software and printed using the Ultimaker-2 3D printer (Ultimaker, Geldermalsen, The Netherlands). Briefly, a PDMS mixture was poured in the negative molds, then air bubbles were removed with a vacuum jar (Kartell Labware, Noviglio, Italy), and the mixture was subsequently baked in an oven (Selecta, Barcelona, Spain) at 65°C for 3 h to cure PDMS and obtain the replicas by peeling off the PDMS from the molds. On the other hand, the PDMS membrane was fabricated on a silicon wafer (Microchemicals, Ulm, Germany) following the protocol described previously (11) . To obtain a 90-mthick membrane, the PDMS mixture was poured on the center of the wafer and spun at 1,000 rpm for 1 min (Laurell Technologies, North Wales, PA).
To confirm that the gas stimulus was properly transmitted from the gas blender to cells in culture in terms of frequency and amplitude, all culture systems employed for in vitro experiments were calibrated before their use. Measurement of oxygen concentration on top of the membrane (at the cell culture level) by using an oxygen microsensor (Unisense, Aarhus, Denmark) revealed that the system equilibration time was~7 s, thus verifying the correct display of the experimental setting for the application of different IH patterns, including those at high frequencies simulating OSA (Fig. 1, B and C) . As shown in these figures, changing the frequency of oxygen desaturations modified the duration of both desaturation and resaturation. Although this IH model does not exactly mimic the actual hypoxia/reoxygenation timing in OSA patients at different indices of apnea, it reproduces the cycling pattern in most experimental works of IH.
Finally, before starting experiments, we checked that oxygenation cycling did not induce changes in measured temperature or stretch at the cellular level (11) .
Endothelial wound healing assay. Before cell culture experiments, the wells were UV-light sterilized and the membrane was surfacecoated with 0.1 mg/ml collagen I (Cultrex, Trevigen, Gaithersburg, MD), as previously reported (11) . A suspension containing~110,000 HAECs in 1 ml of complete growth media was then added to each well of the culture chamber. Cells seeded on each well were obtained from the trypsinization of the HAEC subcultures grown in T-25 flasks. Once seeded, cells were maintained in a humidified cell culture incubator at 20% O 2, 5% CO2, and 37°C until they reached confluence (16 h). Then, the endothelial cell monolayer was scratch-wounded using a sterile 200-l pipette tip (Eppendorf, Hamburg, Germany), and cell debris was removed by washing with 1ϫ PBS. Subsequently, PBS was discarded and replaced by complete growth medium. Finally, the culture devices were placed in an incubator with temperature control (37°C) and were connected to the gas blender to expose cells to constant (1%, 4%, 13%, or 20% O2) or cyclic variations in oxygen concentration at different frequencies (0.6, 6, or 60 cycles/h) and magnitude ranges (13-4% O2 or 20 -1% O2) for 24 h (keeping CO2 constant at 5% in all cases). For any given condition, a parallel control group (continuous 13% O2, 5% CO2) was included for further normalization of the wound healing rate. For each experimental group, the wound healing measurements were carried out on six different days in duplicate (n ϭ 6/experimental group).
To assess the endothelial wound healing process, the wound area was measured immediately after the performance of the scratch (0 h) and at the end of the experiment (24 h). To this end, culture systems were placed on the motorized stage of an inverted microscope (Eclipse Ti, Nikon Instruments, Amsterdam, The Netherlands) equipped with a charge-coupled device camera (C9100, Hamamatsu Photonics K.K., Hamamatsu, Japan), and phase-contrast images of each well were recorded using a ϫ10 objective. Given that macroscopic endothelial wounds were greater than the area included in a single image field, full wound images were obtained by composite generation of nine adjacent fields automatically acquired by the corresponding tool in NIS Software v4.10.00 (Nikon Instruments). Wound closure was assessed by comparing the initial and final areas of each endothelial wound, as measured with ImageJ software (http:// imagej.nih.gov/ij/). Briefly, wound edges were marked in all images using the freehand selection tool by a researcher who was unaware of the treatment group. For each sample, the area of the wound at the two different time points was measured, and wound closure was computed as the percentage change. For each experimental condition, a wound closure index was calculated by normalizing the percentage area variation with the one corresponding to cells exposed to continuous 13% O2, which was taken as the reference control.
Statistical analysis. Data are reported as means Ϯ SE. Data from groups exposed to different continuous hypoxia were compared by ANOVA and data from groups exposed to different IH patterns were compared by two-way ANOVA, with frequency and amplitude of IH as the variables. Student-Newman-Keuls post hoc tests were employed for multiple comparisons. A two-tailed P value Ͻ0.05 was considered as achieving statistical significance. Figure 2 illustrates an example of the endothelial wound healing process when cultures were exposed to 13% O 2 and 4% O 2 , showing that after 24 h, cell monolayer repair was enhanced under the hypoxic condition. The width of the initial wound created in the endothelial monolayers was very repetitive: on the whole, it was 1.033 Ϯ 0.016 mm (means Ϯ SE), and when comparing among the different experimental groups (frequencies and amplitudes of intermittent hypoxia), no significant difference in initial wound width was observed. Figure  3 shows the group results under constant oxygenation levels. Whereas endothelial repair was overall similar at 20% O 2 and 13% O 2 , considerable increases in endothelial repair (approximately twofold) emerged at the 4% O 2 concentration. However, although a similar response was observed in wound closure at 1% O 2 (trend to increase of 38% respect to 13% O 2 ), it was significantly lower (Ϫ26%) than at 4% O 2 (P ϭ 0.036; n ϭ 6/experimental group).
RESULTS
Endothelial wound closure revealed substantial variation that was dependent on the magnitude and frequency characterizing the IH challenge (Fig. 4) . When compared with the reference value (constant 13% O 2 ), cycles using the 13-4% O 2 swings at the lowest frequency of 0.6 cycles/h accelerated endothelial wound healing by 102% (P ϭ 0.009). Figure 4 also shows that when IH was applied with cyclic oxygenation swings of 20 -1%, wound closure was reduced compared with the 13-4% swings. More specifically, wound closure rates were reduced by 74% (P Ͻ 0.001) and 44% (P ϭ 0.029) at 6 cycles/h and 0.6 cycles/h, respectively. High-frequency IH patterns simulating severe OSA in terms of events rate (60 cycles/h) did not significantly modify endothelial wound clo- sure, regardless of the oxygenation swing magnitude (i.e., 20 -1% or 13-4% O 2 ).
DISCUSSION
This study provides initial evidence documenting that aortic endothelial wound healing in a cell culture model is considerably affected by the specific IH paradigm used to simulate OSA. Remarkably, the results indicate that both the frequency and the range of oxygen pressure oscillations play an important role in the collective cell response to injury.
The effects of IH on cells have been evaluated using a large variety of hypoxia/reoxygenation patterns, while using the conventional approach of changing the concentration of oxygen in the air chamber above the culture (51, 63) . However, given the slow oxygen diffusion within the liquid culture medium (1), this approach only permits reliable application of very low cycling rates (normally from several minutes to hours) that are markedly different from the typical frequency of hypoxia/reoxygenation events in OSA patients (15, 38, 42, 55) . Furthermore, implementation of OSA-relevant cycling rates in the conventional IH setting for cell culture will lead to cellular PO 2 levels that profoundly differ from those applied in the airspace of the cell culture system, thereby providing misleading findings and conclusions. Hence, with the exception of a paucity of studies in which the authors actually controlled or measured oxygenation at the cellular level (7, 9, 11, 19, 24, 33, 47, 49 -51, 54, 56, 67) , the effects of IH on cells at the OSA-relevant frequencies have not been extensively studied to date. A recently designed experimental approach (11), which allows for precise control of cell oxygenation parameters defining the IH profile (Fig. 1) Wound healing was significantly increased when cells were exposed to 4% O2 as compared with 13% O2 which was retained as control. n ϭ 6 each group. *P Ͻ 0.05; **P Ͻ 0.01.
mimicking severe (60 cycles/h) and mild (6 cycles/h) OSA and also a very slow rate (0.6 cycles/h) similar to the IH frequencies employed in some previous reports (24, 63, 64) . Such a low rate of IH cycling is not de facto mimicking OSA, but rather simulates oxygenation changes, such as those occurring within tumors (40) . On the other hand, we investigated different hypoxia/reoxygenation amplitude ranges: one commonly used in the literature (20 -1% O 2 ) (35, 39) and another (13-4% O 2 ) that coincides with the in vivo oxygenation swing conditions of aortic endothelial cells in severe OSA. The endothelial wound healing responses obtained under different constant levels of oxygenation (Fig. 3) indicate that at realistic, albeit very severe, values of hypoxia in OSA (4% O 2 ), endothelial repair is considerably enhanced as compared with normal oxygenation (13% O 2 ). However, it is worth noting that at levels of hypoxia of 1% O 2 , which are commonly assumed in several studies of IH (30, 51) but that are not realistic for the endothelium of large arteries even in severe OSA, wound healing is clearly lower than at 4% O 2 . Thus, our findings indicate that the cellular response of endothelial wound healing is not proportional to the level of hypoxia severity in which the responses are tested. Therefore, our results may serve as an illustrative example against the simplistic concept, whereby the deeper the hypoxia the greater the cell response will be. These data from continuous hypoxia also point out the importance of testing cells at values of oxygenation that are similar to the one in the microenvironment of each cell type and in vivo niche. This is particularly relevant when taking into account that the level of physiological normal oxygenation markedly depends on the tissue of interest, ranging from 1% in bone marrow to 13% in alveolar epithelium and arterial endothelium (12) . Therefore, it becomes apparent that the conventional experimental assumption that the atmospheric oxygen concentration of 20% O 2 corresponds to cellular normoxia is questionable, since for almost all cells in culture, this level of oxygenation is clearly hyperoxic from a physiological standpoint. Specifically concerning endothelial cells, it is interesting to remark that the level of 13% O 2 , which is reasonably normoxic for the arterial endothelium, is physiologically hyperoxic for the venous endothelium which is normally at oxygen pressures of 40 mmHg (~5%), and that such levels, in fact, correspond to the most severe hypoxia experienced by the arterial endothelium in OSA. In this connection, it is remarkable that in animals subjected to intermittent hypoxia, for an amplitude of cyclic arterial oxygen desaturation, the levels of local partial pressure in cell microenvironment, are quite different depending on the tissue/organ (e.g., brain, liver, muscle, fat, and testicle) (3, 54, 65) .
The most relevant finding in this study was that wound healing rates considerably depended on the IH paradigm (Fig.  4) . When cells were subjected to oxygenation swings, which are realistic in aortic endothelium in OSA (13%-4% O 2 ), repair at very low (0.6 cycles/h) rate was twofold versus normal oxygenation levels (13% O 2 ). Interestingly, when cycling rates approached those of severe OSA (60 cycles/h), wound healing was similar to normoxic control, indicating that fast hypoxia cycling does not necessarily imply a higher cell response. Remarkably, endothelial recovery tended to be reduced when the hypoxic swing amplitude (20%-1% O 2 ) was more extreme than the realistic one for this specific cell type in OSA (13-4% O 2 ), particularly at frequencies of 0.6 and 6 cycles/h. Taken together, these findings do not support the notion that the more severe the IH swings, the higher the cell responses will be. To this effect, Fig. 4 provides a perspective on how differently endothelial wound healing progress takes place depending on the IH paradigm (wound closure index varies approximately within a fourfold range). In other words, since these frequency and amplitude ranges of IH encompass some of the experimental conditions previously employed in the OSA literature, lack of attention to the specific cyclic hypoxia conditions could lead to contradictory conclusions: IH could be beneficial, detrimental, or devoid of any effect on endothelial repair (Fig. 4) . Accordingly, the results obtained by fine tuning of the IH experimental conditions strongly suggest that, at least for in vitro studies in the field of OSA, precise delineation of the exact pattern of IH experienced by the cells is required and that selection of the IH pattern should simulate as best as possible the pathophysiological oxygenation conditions experienced in vivo by each cell type.
Among the many specific relevant questions being posed on the cell responses in OSA, the aortic endothelial wound healing paradigm was selected as an example, rather than attempting to elucidate mechanisms involved in any particular OSA-associated morbidity and essentially aimed to ascertain how dependent on the IH paradigm cell responses are. Cardiovascular alterations are among the most relevant consequences in increasing morbidity and mortality in OSA patients (15, 21, 57) . In particular, it is well known from both experimental and clinical studies that the endothelium can be affected by IH (22) , but that other factors such as obesity, age, and homeostatic responses also play a role (4) . In this context, preservation of a normal structural and functional endothelium requires that the repairing mechanisms are operational and respond properly to insult. The results obtained in our in vitro study suggest that, as far as the repair process is concerned, both IH and sustained hypoxia appear to globally exert protective effects (with a substantial degree of variability), as evidenced by overall increases in wound healing. Further insights into how the mechanisms underlying endothelial wound healing are affected by both the frequency and magnitude of cyclic hypoxia/reoxygenation will have to await further studies that are clearly beyond the scope of the present one.
Notwithstanding, a brief review and conceptual discussion on how different responses occur depending on the specific hypoxia paradigm applied is worthwhile. Endothelial wound healing, similar to a multitude of other cellular physiological responses, is a very complex process in terms of mechanisms involved, particularly under time-varying microenvironmental conditions. Simplistically, two main general cell processes (migration and proliferation) are involved in cell monolayer repair. Data from in vivo endothelial wound healing indicate that cell migration precedes proliferation and that within the time scale of the experiments in the present study (24 h), wound closure would be mainly caused by cell migration (20) . However, both migration and proliferation are driven by upregulation/downregulation of several molecular cascades that should be further affected by the time course of oxygenation within each cell (25, 28) . In the specific case of cardiovascular system, it has been reported that both upstream and downstream biomarkers are modulated by IH, and in some cases differently than by continuous hypoxia. Both hypoxia-inducible factors (HIF) 1 and 2 and NF-B respond to IH by modulating the oxidative stress and inflammatory pathways and cell apoptosis in endothelial cells (26, 53) . Moreover, IH elicits changes in the gene expression and secretion of proinflammatory cytokines (51) and adipokines (27) , affects nitric oxide coupling (6) , and endothelin-1 and endothelin receptors (69) , and increases the circulating levels of vascular endothelial growth factor (2), which has been shown to be implicated in endothelial wound healing with serum of OSA patients (10) . In this context of IH, it could be possible that the response of each cell to a time-varying environment could involve slowand fast-response mechanisms, which would be mainly driven by the average hypoxia throughout the cycle and by the rate and magnitude of hypoxic cycling, respectively. In fact, it has been suggested that upstream response factors, such as HIF-1 and HIF-2, could selectively respond to either constant or cycling hypoxia, respectively, in some cells (52, 60) . In addition, the duration of reoxygenation modulates the induction of oxidative stress in mice (37) . Accordingly, the relative importance of slow-response mechanisms would be reduced as the frequency of the cycling increases, and the opposite effect would be anticipated for fast-response mechanisms. It should also be taken into account that in addition to the cycling frequency, the maximal and minimal values of cellular oxygen partial pressure may also modulate the magnitude of the cell response, potentially explaining why increases in frequency exert different effects depending on the range of hypoxia/ reoxygenation swings (Fig. 4) (4, 34, 45 ). In the particular case of aortic endothelial cells, we found that with the exception of the highest rate of IH (60 cycles/h), with periods of hypoxia probably not long enough for transcriptional changes, wound healing was enhanced only in response to oxygenation regimes within the range experienced in vivo by these cells. Specifically, from the physiological value of 13% to those reasonably expected at arterial blood level in severe pathological conditions (down to 4%). Interestingly, such a "sweet spot" for enhanced endothelial repair would exist for both continuous and IH.
However, in addition to the responses triggered by IH in each individual cell, the integrated multicellular collective response also plays a role in wound healing. Recent studies have uncovered that among important upstream factors involved in the inflammatory response such as NF-B, dynamic stimuli (oscillatory inputs and biological noise) can considerably modulate the global integrated cellular response (31, 46) . Moreover, it has also been recently reported that the mechanisms driving collective cell migration, such as those underlying wound healing, are not exactly the same as the ones driving isolated cell migration because intercellular communication is involved (66) . Because cell communication mechanisms (i.e., cell-cell contact, tension transmission through the extracellular matrix by cytoskeleton contraction, or paracrine secretion) exhibit particular temporal response characteristics, it is reasonable to expect that dynamic conditions in oxygenation could also modulate the temporal characteristics of the integrated collective wound healing cellular response. Unfortunately, our current knowledge on how the different mechanisms involved in collective cell responses are modulated by dynamic oxygenation changes is virtually nonexistent, since most research has focused on either single cell individual pathways or on collective processes under constant oxygenation conditions (70) . Finally, it should be considered that in vivo, the cellular response to IH is not only the one elicited directly by this challenge on the cell but also through the indirect effects of circulating soluble factors or immune cell released into the blood as a systemic response to IH. In this connection, previous data on endothelial cells clearly showed that wound healing was modulated by incubating cells with serum from either rats submitted to recurrent airway obstructions (13) or from sleep apnea patients (10) . Taking into account the wide spectrum of questions that remain open, we believe that the experimental approaches implemented in the current experiments should enable future studies aiming to clarify how precisely defined IH paradigms modulate both individual and collectively integrated cell response processes.
In summary, this study highlights the far-reaching differences associated with endothelial cell repair responses in the context of a large repertoire of IH profiles mimicking OSA, further buttressing the importance of precise delineation of moment-to-moment cellular oxygenation characteristics. Furthermore, our findings in aortic endothelial cell wound healing strongly suggest the need to adapt the experimental IH paradigm to reliably reproduce the hypoxic levels affecting each specific cell type in vivo. 
